The mode of action of the lithium ion (Li + ) in the treatment of manic depression or bipolar illness is still under investigation, although this inorganic drug has been in clinical use for 50 yr. Li relaxation measurements, the Li + binding constant to the phospholipid extract was found to be 45 ± 5 M −1 . Thus, these studies showed that the phospholipids play a major role in metal ion binding.
Li relaxation measurements, the Li + binding constant to the phospholipid extract was found to be 45 ± 5 M −1 . Thus, these studies showed that the phospholipids play a major role in metal ion binding. 7 Li spin-lattice relaxation measurements conducted on unsealed and cytoskeleton-depleted RBC membrane in the presence of magnesium indicated that the removal of the cytoskeleton increases lithium binding to the more exposed anionic phospholipids (357 ± 24 M −1 ) when compared to lithium binding in the unsealed RBC membrane (221 ± 21 M −1 ). Therefore, it can be seen that the cytoskeleton does not play a major role in Li + binding or in Li To test the Li + /Mg 2+ competition hypothesis for the pharmacological action of lithium, investigators have used small biomolecules or biomembranes as model systems (1) (2) (3) . In the human body, blood transports Li + to the central nervous system; therefore, it is important to understand the interaction of Li + with the red blood cells (RBC) and their components. Rong et al. (3) , using 7 Li nuclear magnetic resonance (NMR) relaxation measurements (T 1 and T 2 ), observed that the interactions of Li + with the RBC components ATP, 2,3-bisphosphoglycerate, spectrin, and Hb in different oxygenation forms were very weak. The RBC membrane did provide, however, most of the high-affinity Li + binding sites. The erythrocyte membrane displays very high mechanical stability and resilience, which comes from a partnership between the plasma membrane and an underlying meshwork called the membrane cytoskeleton. The major constituent of the membrane cytoskeleton that provides the infrastructure is spectrin, which binds indirectly to the RBC membrane via interactions with protein 4.1 and ankyrin (2) .
In previous NMR studies based on Li + binding to agar gels (2) or on Na + binding to human RBC membranes measured by double-quantum experiments (4), investigators speculated that the cytoskeletal proteins provide binding sites for alkali metal ions in human RBC membranes. An NMR study with purified spectrin, however, did not show evidence of Li + binding to the major component of the cytoskeleton (3) . In this study, we tested the contribution of the spectrin-actin network toward Li + /Mg 2+ competition by conducting 7 Li NMR relaxation measurements with unsealed and cytoskeleton-depleted RBC membrane suspensions.
The major class of lipids present in the RBC membrane is that of phospholipids. The most common in the RBC membrane are phosphatidylcholine (PC), phosphatidylethanolamine (PE), phosphatidylserine (PS), phosphatidylinositol (PI), and sphingomyelin (SM). It is interesting to note that both of the anionic phospholipids, PI and PS, are found only in the inner leaflet of the RBC membrane (5, 6) . The intrinsic binding constants for interactions between some alkali and alkaline earth metal ions and PS have been reported (7) . Evidence for Li + interactions with PS-containing liposomes was previously obtained from 7 Li and 2 H NMR relaxation data (8-10). Measurements conducted on inside-out and right-sideout vesicle suspensions clearly indicated that the inner leaflet of the RBC membrane provided the major Li + binding site (3). Significant differences between T 1 and T 2 values were also observed for suspensions of phospholipids extracted from the RBC membrane, suggesting that phospholipids, and not the proteins in or anchored to the membrane, provided the major Li + binding sites (3) . Therefore, it is believed that the anionic phospholipids PS and PI, present in the inner leaflet of the RBC membrane, contribute to Li + binding. Merchant and Glonek (11) used 31 P NMR spectroscopy to determine the relative interaction potentials of each of the phospholipids for various cations, which was determined by 31 P NMR chemical shift (δ) changes, signal broadening, signal quenching, or a combination of these. One of the useful features of NMR spectroscopy is that complex mixtures can be analyzed directly (11). Thus, for example, in examination of the spectrum of rat heart membrane phospholipids, all of the common phospholipids can be analyzed qualitatively and quantitatively in a single sample after extraction, without the need for a separation. (14, 15) and hypertensive (16) (17) (18) patients relative to normal individuals.
MATERIALS AND METHODS

Materials.
Human RBC were obtained from a blood bank (Life Source, Glenview, IL) and were used prior to the expiration date. Inorganic salts and CDCl 3 were purchased from Aldrich Chemical Co. (Milwaukee, WI). Pure phospholipids were obtained from Sigma Chemical Co. (St. Louis, MO) or Avanti Polar Lipids (Alabaster, AL). D 2 O was purchased from Cambridge Isotopes (Cambridge, MA). The dye reagent used for protein determination was from Bio-Rad Laboratories (Hercules, CA), and items used for sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) using the Phast system were purchased from Pharmacia Biotech (Uppsala, Sweden). 6 LiCl (95.7% isotope-enriched) was obtained from Oak Ridge National Laboratory (Oak Ridge, TN). All remaining chemicals were purchased from Sigma.
Preparation of unsealed RBC membranes. RBC were washed once in an isotonic choline wash solution and then lysed by 5 mM HEPES buffer, pH 8, as described previously (12, 19, 20) . The membranes were stored at −20°C for no more than a week before they were used.
Preparation of cytoskeleton-depleted RBC membranes. Cytoskeleton-depleted unsealed RBC membranes were obtained by a procedure outlined by Fairbanks et al. (19) , with a low ionic strength buffer. The supernatant was removed after centrifugation and checked for the presence of spectrin and actin, the major cytoskeletal proteins, by SDS-PAGE for confirmation of the removal of the cytoskeleton (4). We washed the pellet three to four times with 5 mM HEPES buffer, pH 8, to obtain cytoskeleton-depleted RBC membranes.
Extraction of phospholipids from human RBC membranes. RBC membranes (1-1.5 mL, membrane protein concentration 5.2 ± 0.4 mg/mL) were extracted using a procedure reported by Meneses and Glonek (21) . The dried lipid film was suspended in a solvent mixture of chloroform/methanol/aqueous 0.2 M EDTA reagent at a ratio of 125:8:3 for 31 P NMR experiments. For Li + relaxation measurements, the extracted dried phospholipid film was dissolved in a chloroform/methanol solvent mixture at a ratio of 5:2. The aqueous EDTA phase removed the paramagnetic impurities which would otherwise have caused the 31 P NMR resonances to broaden; this would have interfered with the resolution of the various classes of phospholipids (22) . The 31 P NMR chemical shift values of the individual phospholipids are dependent on the amounts of water and methanol in the chloroform layer of the sample. Overlapping 31 P NMR resonances in a specific solvent system can be resolved by variation of the solvent composition (22) . For all 31 P NMR experiments, the solvent composition was kept constant in order to prevent changes in the chemical shifts of the phospholipids associated with solvent effects (23, 24) . For all experiments described herein, concentrated stock solution (1M) of the metal ions was used, and the amount of water added to the sample was less than 1%. However, it should be noted that in these types of experiments, solvent effects upon the chemical shift cannot be prevented, especially for PS, which is more sensitive to solvent effects (23) (24) (25) . The NMR sample tube was sealed to prevent changes in the solvent composition due to evaporation of such low-boiling solvents as methanol and chloroform. Instead of carrying out the NMR experiments at 37°C, we performed all measurements with phospholipids at 27°C to minimize the evaporation of the low-boiling solvents. However, prior to metal ion addition, as much of the aqueous EDTA phase was removed as possible to prevent EDTA chelation of the added metal ions. Before metal ion titration, 31 P NMR spectra were recorded before and after the removal of the aqueous EDTA layer, and we found no significant changes in δ values after the removal of the aqueous phase.
Phospholipid-metal ion titration. Prior to metal ion addition, we recorded a 31 P NMR spectrum of the sample by ad-justing the spinning turbine so that only the organic phase of the sample was exposed to the receiver coil of the NMR spectrometer. The EDTA phase was then removed, and appropri- 
where R obs , R f , and R b are the reciprocals of T 1obs , T 1f , and T 1b , respectively. K Mg and K Li , the binding constants of Mg
2+
and Li + to biological membranes and phospholipids, were calculated from K app values, which were in turn determined from 7 Li or 6 Li T 1 values measured in the presence of increasing Mg 2+ concentrations: [2] These equations assume 1:1 stoichiometry for Li + [3] where δ obs , δ free , and δ bound are, respectively, the chemical shifts of the observed, Mg 2+ -free, and Mg 2+ -saturated 31 Limitations of the calculations of binding constants. The binding constants calculated from 31 P NMR data are approximate and can only be used to establish the observed trends of the affinities of the various phospholipids for Li + and Mg 2+ . This is because the phospholipid extract sample used for metal ion titration contained two phases, the organic as well as the aqueous EDTA layer. Although, prior to metal ion addition, attempts were made to remove the EDTA layer, complete removal could not be achieved. Hence the amount of metal ion in the organic phase was different from the amount added, because some amount of metal ions was chelated by the EDTA or was more soluble in the aqueous phase.
Several methods were used in an attempt to obtain the amount of metal ions in the organic phase. Atomic absorption (AA) spectroscopy was used for quantifying the Mg 2+ concentration in the organic layer by taking an aliquot from the organic layer of the NMR sample. Because the solvent system contained chloroform, the flame was not very stable and the readings obtained were not reliable. Attempts also were made to evaporate the solvent and dissolve the residue in water. The presence of the phospholipids resulted in a suspension instead of a solution. AA results, however, indicated that only about 50-60% of the Mg 2+ added was going into the organic layer. By AA with a flame source, we were not able to detect Li + because aliquots from the NMR samples were too dilute to provide a sufficient sample.
Determination of protein and phospholipid concentrations. The protein concentration was determined by the BioRad Bradford method, with bovine serum albumin used as a standard for generating the calibration curve (28) . Because the samples contained membrane-bound protein, a modified procedure with detergent was used (29) . The phospholipid concentration was determined from a revised procedure reported by Avanti Lipids (30) .
NMR spectrometers. 31 P, 7 Li, and 6 Li NMR experiments were conducted with Varian VXR-300 or VXR-400 NMR spectrometers (Palo Alto, CA) equipped with multinuclear probes. A 5-or a 10-mm broad-band probe was used, depending on the availability of the sample. All samples were run by spinning of the sample at 16-18 Hz. A variable-temperature unit was used for maintaining the probe temperature at 27°C. T 1 relaxation measurements were conducted with the inversion recovery pulse sequence, using at least seven τ values for each T 1 value. Under our conditions, the relaxation measurements were accompanied by a uncertainty factor of less than 10%, and the reported values represent the range or the standard deviation obtained by averaging the values from two or three separately prepared samples. The changes in chemical shift of the 31 P NMR phospholipid resonances are reliable to 0.01 ppm because of instrument inaccuracy, whereas a change of greater than 10% in T 1 values is due to experimental error. Therefore, changes in δ values of 0.01 ppm or greater, and T 1 value changes of 10% or greater, are significant. Binding constants were calculated from T 1 values from at least five data points by use of James-Noggle plots (31) .
RESULTS
This investigation was conducted by means of 31 P NMR chemical shift measurements and 31 P, 7 Li, and 6 Li NMR relaxation measurements. We used the 31 P NMR chemical shift variation upon metal ion addition to identify the phospholipids that interact most strongly with the metal ion added. 7 Li 6 Li T 1 measurements were used for computing the Li + association constant to the phospholipid extract as well as RBC membrane suspensions. We also used both approaches to investigate whether Li + /Mg 2+ competition was present for the phosphate head groups of the phospholipids. phospholipids shifted upfield, but the extent was different for the various phospholipids. The change in 31 P NMR chemical shift was largest for the anionic phospholipid PS when 1.96 mM Mg 2+ was added (Fig. 1A) ; for the same Mg 2+ concentrations, the PE, plasmalogen PE (PEPLAS), and SM resonances shifted upfield roughly 4.5 times less than that for PS. The PC resonance did not show any appreciable change in δ upon metal ion addition.
The effect of Mg 2+ addition on PI could not be investigated in this manner because the percentage of PI in the RBC membranes is less than 2%, and its resonance was not observed clearly, even with overnight accumulations of the 31 P NMR spectrum (17, 32) . Moreover, because the interaction of PI with the metal ion caused broadening of the PI signal (11), PI with only a 2% abundance would make it difficult to observe the signal after metal ion addition. Hence, to the human RBC membrane phospholipid extract a known amount of PI was added, and Mg 2+ titration was carried out. The amount of PI added to the extract was adjusted so that the mixture contained equal amounts of PI and PS. Figure 2 . The addition of 0.50 mM MgCl 2 caused the 31 P NMR resonances to move upfield, whereas the 7 Li titration of this phospholipid sample caused the resonances to move downfield. This effect is clearly seen for the anionic phospholipid, PS, where addition of 0.50 mM MgCl 2 caused the resonance to move by 0.20 ppm upfield, as well as to broaden the PS signal. However, addition of 7.8 mM LiCl caused the PS resonance to move downfield by 0.03 ppm. A plot of the δ changes for the mixed ion titration is shown in Figure 3 , with the PS signal displaying the greatest difference of the various phospholipids.
31 P NMR T 1 measurements of phospholipid extracts. We carried out 31 P NMR T 1 measurements of phospholipid extracts with and without metal ions in an effort to quantify metal ion binding to the phosphate head groups of the phospholipids. However, the T 1 variations within each class of phospholipids were too small (0.1 s) upon addition of either 0.50 mM MgCl 2 or 7.0 mM LiCl to be measured accurately (data not shown). The addition of metal ions did not cause any significant changes in the 31 P NMR T 1 values either, and hence this technique could not be used for quantitative measurements. 7 Li and 6 Li NMR T 1 measurements of phospholipid extracts. The phospholipid extract in a chloroform/methanol solvent system was titrated with increasing amounts of LiCl; as the 7 Li + concentration increased from 3.0 to 20 mM, the 7 Li T 1 values increased from 0.75 ± 0.16 s to 1.81 ± 0.13 s. However, for each Li + increment of 3.0 mM, the T 1 changes were very small (0.2 s) and only slightly sensitive to variations in Li + concentration. This method was therefore deemed unreliable for quantitative analysis. To see whether this effect was a mere ionic strength effect, we titrated the phospholipid extract containing 6.0 mM LiCl with (Me) 4 NCl. Addition of up to 20 mM (Me) 4 NCl caused the 7 Li T 1 values to increase by only 0.2 s; therefore, the changes noticed in the 7 Li T 1 values are due to binding of the Li + to the phospholipids and are not due to ionic strength effects.
The 6 Li nucleus exhibits much larger relaxation time values than the 7 Li nucleus (27) . Hence, we used 6 Li T 1 measurements to quantify Li + binding to the phospholipids. The 6 Li T 1 values increased from 7.63 ± 0.76 s to 13.13 ± 1.30 s upon addition of 5.0 to 30 mM 6 LiCl. The K Li to the phospholipid extract was calculated to be 45 ± 5 M −1 (n = 2, r 2 > 0.90) using Equation 1. The phospholipid extract was titrated with 6 LiCl in the presence and absence of 0.1 mM Mg
2+
. Addition of 6 Li + caused an increase in the 6 Li T 1 values for both samples (Fig. 4) , indicating Li + binding. However, at a given 6 Li + concentration, the T 1 values were much higher for the sample containing 0.1 mM MgCl 2 . 7 Li and 6 Li NMR T 1 measurements of RBC membranes. 7 Li T 1 measurements were conducted with samples of unsealed and cytoskeleton-depleted RBC membranes. As the LiCl concentration increased from 2.0 mM to 12.0 mM, the cytoskeleton-depleted membrane sample consistently gave higher T 1 values when compared to the unsealed-membrane sample. From Equation 1, the K app for the cytoskeleton-depleted RBC membrane sample was 304 ± 30 M −1 , and for the unsealed RBC membrane sample, K app was 202 ± 20 M −1 . 7 Li T 1 measurements were also conducted on the unsealed and cytoskeleton-depleted RBC membranes containing 4.0 mM LiCl and titrated with increasing amounts of MgCl 2 . These results showed that, as the Mg 2+ concentration increased from 0.0 to 0.6 mM, the 7 Li T 1 values for the unsealed membranes increased from 8.41 ± 0.04 to 13.16 ± 1.17 s, whereas for the cytoskeleton-depleted membranes the 7 Li T 1 values increased from 8.94 ± 0.06 to 14.15 ± 0.63 s.
In order to determine the actual Li + and Mg 2+ binding constants (Eq. 2) for the unsealed and cytoskeleton-depleted RBC, we titrated the respective samples with increasing amounts of LiCl in the presence of either 0.05, 0.10, 0.15, or 0.20 mM MgCl 2 . As Table 3 shows, the K app for the unsealed RBC membrane was consistently lower when compared to values obtained for the cytoskeleton-depleted RBC membrane. The actual K Li for the unsealed RBC was 221 ± 21 M −1 (n = 3), and for the cytoskeleton-depleted, the actual K Li was 357 ± 24 M −1 (n = 3), whereas the K Mg for the unsealed and cytoskeleton-depleted RBC membranes were 4397 ± 252 M −1 (n = 3) and 6996 ± 870 M −1 (n = 3), respectively. 6 Li T 1 measurements were also conducted on the two membrane samples. As the 6 Li concentration increased from 10 to 40 mM, the T 1 values were again larger for the cytoskeletondepleted RBC membrane samples in comparison to the un- ).
DISCUSSION
Li
+ and Mg 2+ have similar ionic radii, and a "diagonal relationship" exists between these elements in the periodic 2+ by Li + from biomolecules can affect several biological processes, and a combination of several effects, including metal ion binding to phospholipids, may be involved in the mode of action of Li + in the treatment of manic depression. Therefore, this study was devoted to probing Li + /Mg 2+ competition for RBC phospholipids and the RBC membrane by use of multinuclear NMR techniques.
In our NMR experiments, there are two layers: one organic and one aqueous. The organic layer contains essentially phospholipids, whereas the metal ions will reside in the aqueous layer. Because of the amphiphilic nature of phospholipid molecules, the tails will be fully embedded in the organic layer and the charged head groups will reside at the interface of the two layers. Therefore, the experimental design of our NMR experiments represents a good model system for understanding metal ion interactions to phospholipid head groups in biological membranes.
For human RBC membrane phospholipids, addition of up to 2.0 mM Mg 2+ caused the 31 P NMR resonance shifts of PS to change by 0.5 ppm; this was the largest change that was observed (Fig. 1A) . PS therefore interacted most strongly with Mg 2+ , with marked broadening of the PS signal upon Mg 2+ addition followed by quenching of the signal due to excessive broadening. Qualitatively, the signal that disappears first from the phospholipid spectral profile is considered to be interacting most strongly with the added cation. This obser- a These experiments were conducted in a 10-mm NMR probe. The values reported are the average values ± SD obtained from three separate trials. The r 2 values for all trials were greater than 0.90. The protein concentrations of the unsealed and the cytoskeleton-depleted RBC membranes were 6.9 ± 0.8 and 6.7 ± 0.9 mg/mL, respectively. The total phospholipid content was comparable for all samples. K app , apparent binding constant; K Li , lithium binding constant; K Mg , magnesium binding constant.
vation was consistent with the K Mg for PS, which was determined from a phospholipid extract. The relative order of K Mg in the phospholipid extract samples calculated from the 31 P NMR δ values was PI >> PS > PE ≈ PEPLAS ≈ SM > PC.
Li + titration of human RBC membrane phospholipids caused the 31 P NMR chemical shift of all phospholipids to move upfield by approximately 0.1 ppm, except for PC, when 17.6 mM LiCl was added (Fig. 1B) . The changes in 31 (Figs. 2 and 3 ). When titrated with increasing amounts of LiCl, the resonance for the anionic phospholipid, PS, shifted downfield, whereas the resonances shifted slightly upfield. Therefore, a decrease in the δ change was observed. This effect is clearly seen in Figure 3 ; the slope of the δ difference for PS is positive, whereas for the other phospholipids present in the extract, the slope is negative. The signal of PS also sharpened; this, we believe, is due to Li + displacing Mg 2+ from the phosphate head group of PS. 6 Li NMR T 1 measurements were conducted with the phospholipid extracts both in the presence and absence of MgCl 2 (Fig. 4) . The T 1 values were sensitive to LiCl addition to both samples. This is consistent with 31 2+ was calculated to be 45 ± 5 M −1 (n = 2, r 2 > 0.90) from the JamesNoggle plot. This value is lower than the binding constant determined for the unsealed RBC membranes, which is close to 200 M −1 (3). These differences in Li + binding constants may be attributed to the different media used-organic solvent mixture vs. water-in the two samples.
Although the phospholipids provide major binding sites for the metal ions, the removal of the lipids from the membrane skeleton could have decreased their affinity for the metal ions. This prompted us to characterize the role played by the cytoskeleton in metal ion binding and competition. To identify whether the cytoskeleton anchored on the inner leaflet of the lipid bilayer plays any significant role in metal ion binding and competition, we conducted 7 Li and 6 Li NMR studies with unsealed and cytoskeleton-depleted membranes. 7 Li NMR T 1 measurements were conducted for unsealed and cytoskeleton-depleted human RBC membranes titrated with increasing amounts of LiCl. It was previously determined from 7 Li NMR relaxation measurements that unsealed RBC membrane samples showed a biexponential relaxation of the 7 Li nucleus when the Li + concentration was 20 mM (3). However, when the Li + concentration exceeded 150 mM, Rong et al. (3) did not see evidence for the same biexponential decay. Removal of the cytoskeleton did not affect the sensitivity of the 7 Li T 1 values to the changes in LiCl concentra- 6 Li T 1 experiments; the binding constant was again larger for the cytoskeleton-depleted RBC membrane samples (259 ± 90 M −1 ) compared to the unsealed RBC membrane samples (115 ± 33 M −1 ). This increase in Li + affinity for the cytoskeleton-depleted membranes could be due to exposure of the anionic phospholipids. The inner leaflet of the RBC membrane contains a greater percentage of the negatively charged phospholipids (PI and PS) as compared to the outer leaflet, and removal of the spectrin-actin network could allow for easy interaction between Li + and the anionic phospholipids in the lipid bilayer. The competition between Li + and Mg 2+ was found to be present even after the removal of the cytoskeleton. Hence, it was clear that the cytoskeleton had no major role in Li + binding or in Li + /Mg 2+ competition. In summary, this study indicated that there is competition between Li + and Mg 2+ for human RBC membranes and phospholipids. This study also showed that PS and PI bind Li + and Mg 2+ most strongly, whereas the neutral phospholipid PC does not contribute significantly toward metal ion binding. These observations provide a possible explanation for the elevated K Li obtained for the RBC membranes from manic-depressive patients undergoing Li + therapy, because their cell membranes contain a greater percentage of the anionic phospholipids (32) .
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